The appearance of wings in insects, early in their evolution [1], has been one of the more critical innovations contributing to their extraordinary diversity. Despite the conspicuousness and importance of wings, the origin of these structures has been difficult to resolve and represented one of the ''abominable mysteries'' in evolutionary biology [2] . More than a century of debate has boiled the matter down to two competing alternatives-one of wings representing an extension of the thoracic notum, the other stating that they are appendicular derivations from the lateral body wall. Recently, a dual model has been supported by genomic and developmental data [3] [4] [5] [6] , representing an amalgamation of elements from both the notal and pleural hypotheses. Here, we reveal crucial information from the wing pad joints of Carboniferous palaeodictyopteran insect nymphs using classical and high-tech techniques. These nymphs had three pairs of wing pads that were medially articulated to the thorax but also broadly contiguous with the notum anteriorly and posteriorly (details unobservable in modern insects), supporting their overall origin from the thoracic notum as well as the expected medial, pleural series of axillary sclerites. Our study provides support for the formation of the insect wing from the thoracic notum as well as the already known pleural elements of the arthropodan leg. These results support the unique, dual model for insect wing origins and the convergent reduction of notal fusion in more derived clades, presumably due to wing rotation during development, and they help to bring resolution to this long-standing debate.
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In Brief
Prokop et al. demonstrate that the three pairs of nymphal wing pads in Carboniferous species of the extinct insect order Palaeodictyoptera were medially articulated to the thorax by the sclerites and also markedly fused anteriorly and posteriorly to the notum. This evidence corroborates the dual model for insect wing origins.
SUMMARY
The appearance of wings in insects, early in their evolution [1] , has been one of the more critical innovations contributing to their extraordinary diversity. Despite the conspicuousness and importance of wings, the origin of these structures has been difficult to resolve and represented one of the ''abominable mysteries'' in evolutionary biology [2] . More than a century of debate has boiled the matter down to two competing alternatives-one of wings representing an extension of the thoracic notum, the other stating that they are appendicular derivations from the lateral body wall. Recently, a dual model has been supported by genomic and developmental data [3] [4] [5] [6] , representing an amalgamation of elements from both the notal and pleural hypotheses. Here, we reveal crucial information from the wing pad joints of Carboniferous palaeodictyopteran insect nymphs using classical and high-tech techniques. These nymphs had three pairs of wing pads that were medially articulated to the thorax but also broadly contiguous with the notum anteriorly and posteriorly (details unobservable in modern insects), supporting their overall origin from the thoracic notum as well as the expected medial, pleural series of axillary sclerites. Our study provides support for the formation of the insect wing from the thoracic notum as well as the already known pleural elements of the arthropodan leg. These results support the unique, dual model for insect wing origins and the convergent reduction of notal fusion in more derived clades, presumably due to wing rotation during development, and they help to bring resolution to this long-standing debate.
RESULTS
To investigate the question of wing development and potential implications for discerning their evolutionary origins, we investigated well-preserved nymphal Palaeodictyoptera. The extinct Palaeodictyoptera are among the oldest of Pterygota, appearing near the Early-Late Carboniferous boundary approximately 325 million years ago (mya) [7] [8] [9] and becoming extinct by the cataclysmic End Permian Event [2] . Palaeodictyoptera were one of a series of orders in the Palaeodictyopterida, a diverse clade of insects with permanently outstretched wings, except for Diaphanopterodea, which possessed a unique wing flexion. Palaeodictyoptera, along with their relatives within this superorder, possessed piercing-sucking mouthparts that formed a beak, which perhaps allowed them to feed on plant fluids, representing an early dietary specialization among insects [10] [11] [12] . Palaeodictyoptera had wings with a comparatively simple arrangement of veins, lacking the basal fusions between the principal longitudinal sectors, and corresponding to putative hypotheses of the overall pterygotan ground plan wing form [13] . The phylogenetic placement of this order remains unclear but is certainly among the early-diverging branches of Pterygota [14] .
While palaeodictyopteran wings are commonly found in Paleozoic deposits, the wing pads of their immatures or the shed exuviae from nymphal molts are considerably scarcer in the fossil record [15] . Palaeodictyoptera are central to the debate regarding the evolutionary development of wings as their nymphal pads are unique among insects, whereby they were articulated and capable of controlled movement [16, 17] . While palaeodictyopteran nymphs historically were speculated to have been aquatic [18] , current evidence rather supports common terrestrial environments for both nymphs and adults, particularly based on their feeding and respiratory structures [10, 19] .
Ontogenetic evidence suggests gradual growth through numerous instars with articulated, movable wing pads, although the range of motion was limited. These were arranged along the body in younger instars and gradually straightened in later stages [20, 21] . The occurrence of several subimaginal stages has also been argued for Palaeodictyoptera [20] , but evidence is lacking. The forewing pads in young instars were distinguishable by their broadly triangular costal areas, as in the continuous shape of the enlarged prothoracic wing pads. These then became narrower in later developmental stages. However, the record is patchy, and evidence for gradually narrowing wing pads through successive ontogenetic stages cannot be demonstrated convincingly [19] . Data from palaeodictyopterans implicate the retention of the developing wings within exuvial sheaths until the latest instars, a pattern of development known from exopterygotes and holometabolan pupae. Thus, the growing wing pads are protected from physical damage and permit the organism to inhabit and conceal itself within small crevices without jeopardizing the developing wings. The morphology of various body parts such as the external genitalia and, notably, the pattern of wing venation in Palaeodictyoptera correspond in some traits to those of extant mayflies (Ephemeroptera) and dragonflies (Odonata) (Figure 1 ). While extant immatures of these latter groups show derived traits such as dorsally placed wing pads or their rotation (in Odonata), their Paleozoic stem-group relatives such as griffenflies (Protodonata) appear to have also possessed articulated wing pads [22] , implying that this form in protodonatans and palaeodictyopterans is plesiomorphic.
The gradual development of movable wing pads during postembryonic development was considered primary evidence to support the ''epicoxal'' hypothesis of wing origins [13, 20] . However, our examination of key taxa and newly recovered material of Palaeodictyoptera testifies against the hypothesis of fully articulated wing pads and instead builds and expands upon alternative interpretations [17, 23] . This is particularly demonstrated in nymphs of Idoptilus onisciformis and Rochdalia parkeri (Figure 2 ), originally described with partially formed, proximal articulations while the posterior section of the developing pads were putatively fused to the scutellum [17] . Subsequent reinterpretations of the same material led to the hypothesis of fully articulated wing pads, with the articulation extending nearly to the posterior wing margin and the connection of an axillary cord to the scutellar bridge near the axillary sclerites [20] . While this was heralded as evidence for fully articulated wing pads in immature stages of all early pterygotes and the epicoxal hypothesis, evidence for the incorporation of notal elements was simultaneously suggested [23] .
Here, we thoroughly revise available and new fossils of palaeodictyopteran nymphs and their exuviae to clarify morphological interpretations and to see what evidence can be brought to bear regarding wing origin hypotheses. Reexamination of nymphs of I. onisciformis and R. parkeri demonstrates the presence of a clearly discernable articulation on all three pairs of wing pads, although the prothoracic pair exhibits less-developed, movable joints. Based on our observations of well-preserved metathoracic wing pads, we can discern a clear division between a basisubcostal plate (bsc) and the remaining portion of the larger axillary plate (axp) (Figures 2A-2C ). This marked separation of both plates was previously observed in adult Palaeodictyoptera [13] . The wing pads bear a notable pattern of corrugation, which probably reflects the tracheae that extend through developing insect wings and likely corresponds to the developing veins in some early pterygote groups like Palaeodictyoptera and Ephemeroptera [17, 25] . Veins in modern insects do not always follow the tracheae [26] , and so tracheal positions and paths can only be used sparingly and in certain taxa when establishing identities and homologies. Here, however, these ridges, which probably correspond to the position of tracheae, do appear to correspond with later longitudinal sectors. Furthermore, our observations reveal a broad posterior connection of all wing pads to the scutellum and a connection of the axillary cord to the scutellar bridge, as mentioned for the aforementioned taxa (Figures 2A-2D) . A notably broad connection between the wing pad and the scutellum is unknown in extant species of Odonata and Ephemeroptera (with the exclusion of Pannota bearing mesothoracic wing pads fused mesally to the mesonotum) but surprisingly also occurs sporadically in several groups of Neoptera, such as Dictyoptera, Plecoptera, and others where developing wing pads emerge dorsally without an articulation.
An isolated forewing pad from the Mazon Creek Lagerst€ atte was previously treated as a megasecopteran, Mischoptera? curvipennis (Mischopteridae) [27] , but our examination supports placement in Palaeodictyoptera based on the presence of an enlarged triangular costal area and the distinctive pattern of ridges of probable tracheation. Notably, this specimen possesses a basal joint with discernable developing articulation of the wing pad ( Figures 2E, 3A , and 3B), as well as a marked separation between basisubcostal and axillary plate, and three developing sclerites (1Hx, 2Hx, and 3Hx) and notal processes (ANP, MNP, PNP) with attached musculature ( Figure 2E ). Such an arrangement corresponds well to a proposed model of the ''ancestral'' pterygote [24] . Furthermore, the broad fusion of the mesoscutellum to the posterior part of the wing pad along the anal area and an axillary cord connected to the scutellar bridge corroborate those observations from I. onisciformis and R. parkeri. Accordingly, the pattern of tracheation in the Mazon Creek nymph's wing pad markedly resembles I. onisciformis with the exception of a more developed cubitus posterior (CuP). This nymph could belong to the same or a related genus. However, attribution based on the pattern of ridges is limited, and we prefer to treat such isolated wing pads outside of formal nomenclatural assignments.
An Figures  3C-3F ). The triangular forewing pad and the likely tracheation of mesothoracic and metathoracic wing pads, both posterolaterally directed, are evidence for attribution to Palaeodictyoptera, which is supported by marked corrugation of the main longitudinal ridges (likely tracheae). In contrast to prominent joints of mesothoracic and metathoracic wing pads, the prothoracic wing pads seem to be weakly joined to the prothorax, presumably reflecting limited mobility.
The wing pad of Lycodemas cf. adolescens from Mazon Creek (No. FM PE31983) presumably belongs to a more mature nymphal instar since it is included within a sheath [28] ( Figures  3G-3I ). Earlier work omitted mention of the wing base, but examination of the fossil shows a partially preserved base with articulation and wider connection to the scutellum as in material already discussed. However, it differs from the aforementioned species in this posterior fusion markedly reduced, supporting the conclusion that this fossil is of a more mature nymphal instar.
DISCUSSION
Insect wings are unquestionably one of the most significant innovations in animal evolution, underpinning the considerable success of insects by aiding their multiple phases of diversification that today have left them the unrivaled champions of terrestrial biodiversity. Insects were the first animals to evolve powered flight and did so early in their evolution [1, 2, 29, 30] . The origin of insect wings has been one of the more contentious topics in evolutionary biology. After a century of debate, the matter today centers around two principal competing hypotheses-one positing that the wings are derived from the upper portion of the thoracic exoskeleton (notal origin) [31, 32] , the other that wings are modified from an element among the appendages and lateral body wall (pleural origin; the ''exite'' theory) [13, 20, 33] . The pleural-origin hypothesis previously had defense from paleontological work, owing to the purported lack of connections to the notum during development (which we have shown to be incorrect as there were broad anterior and posterior connections in all observed nymphs). Prior genetic data also supported the pleural-origin hypothesis through the discovery of markers of crustacean appendages in developing wings of Hexapoda [34] , although these could not rule out alternative origins for large swaths of other wing tissues. The opposing poles of this long debate have recently been brought closer together by the consideration of a hybrid hypothesis [2] , and this view has gained support from growing evolutionary developmental evidence [3] . In this model of wing origin, tissues from both the notum and the pleuron are brought together to form a composite structure and achieve a fundamentally novel function [4] [5] [6] . The genetic mechanism responsible for the formation of an extended wing foil and some basal elements involved in stabilizing its movements are of notal derivation, while the actual articulation and associated musculature that permit proximal control during flight stem from podites of the arthropod appendage [1, 5, 35] . Combination of these different components resulted in the formation of articulated wings-the former giving the bulk of the wing, the latter the hinge. A variety of species in the extinct Palaeodictyoptera (Figure 4) and Geroptera (Odonatoptera) had wings on all three thoracic segments, although the anterior-most pair was small and perhaps not fully mobile. Subsequent increase of the mesothoracic and metathoracic segments, reduction of the prothorax, and increase in wing size allowed for better control over flight, using only four wings [16] .
Although paleontological evidence has provided critical insights into the timing of origin and radiation for major insect clades [37] , there are considerable gaps that have made it difficult to make direct conclusions regarding the earliest fliers and the development of their wings. Progress in phylogenomics has provided corroborating support of the timing of these events [36] but understandably has not been able to directly address the evolutionary origin of wings and their earliest anatomical arrangement.
The evaluation of available data on postembryonic development of wings in Palaeodictyoptera demonstrates three pairs of posterolaterally directed and articulated wing pads. However, the joint of the prothoracic pair was reduced by comparison to those of the mesothoracic and metathoracic segments and in relation to the smaller size of the former. Two distinct plates, a basisubcostal and large axillary plate, were present in these nymphs. The network of ridges on wing pads, which seemingly corresponds to internal tracheation, was already well developed and shows the distinctive corrugation of later developing, longitudinal veins. Notable presence of a broad, contiguous connection of the wing pads to the scutellum presumably allowed only Simplified insect phylogeny, based on a character matrix reported previously by Misof et al. [36] , with the addition of extinct Palaeodictyopterida (= Palaeodictyoptera and their relatives) as sister group of Palaeoptera after Kukalová -Peck [13] (green) and as sister group of Neoptera (orange) after Sroka et al. [14] . (A) Stenodictya lobata, adult palaeodictyopteran male, reconstruction of habitus, Late Carboniferous, Gzhelian, Commentry, France (drawn by M.P.). (B) Rochdalia parkeri, palaeodictyopteran nymph, reconstruction of habitus, Late Carboniferous, Bashkirian, Rochdale, Lancashire, UK (drawn by M.P.).
limited divergence, and these were thus probably coopted in nymphs for thermoregulatory purposes [38] or at most limited gliding [16] . Unsurprisingly, these nymphs were likely unable to perform active flight due to the prominent notal fusion of the wing pads and because wing loading would be absurdly high [39] . The clear notal connections, overlooked or minimized in earlier studies, corroborate the dual model for insect wings origins, and this is particularly critical given that these ontogenetic forms occurred in Paleozoic insects still bearing three pairs of movable wing pads. In addition, these Paleozoic forms had well-developed articulary sclerites alongside a broad fusion of the wing pads to the scutellum. Collectively, these observations represent the first direct, paleontological support from the ontogeny of early pterygotes regarding the long-standing debate over insect wing evolution and tie nicely with modern evolutionary developmental and genomic evidence.
EXPERIMENTAL PROCEDURES
The present results were obtained by comparative morphological study using optical and digital stereomicroscopy, ESEM, 3D image modeling, and micro-computed tomography. Stereomicroscopic observations were performed using a Leica MZ 12.5. Photographs were taken with a Canon D550 digital camera, with MP-E 65 mm and EF 50 mm lenses. The original photographs were processed using Adobe Photoshop CS6, and for some images, the focus-stacking software Helicon focus Pro was used. Scanning electron micrographs of uncoated specimens were obtained using an environmental electron microscope Hitachi S-3700N at an accelerating voltage of 15 kV and a digital microscope Keyence VHX VH-Z20UR, both located at the National Museum in Prague. A micro-computed tomography dataset was acquired at the CEITEC in Brno, Czech Republic. The study of sample IF-MP 1492/365/09 was done using GE phoenixjX-ray tomography system vjtomejx. The spatial resolution of the dataset is 18 mm 
AUTHOR CONTRIBUTIONS
J.P. and M.P. conceived the initial idea and designed the project. E.K. and W.K. provided new fossil specimens to study. J.P., M.P., and T.H. examined material by light and digital stereomicroscopy and performed ESEM and micro-CT analyses. J.P. and M.P. produced the figures and the illustrations. J.P., M.P., A.N., T.H., E.K., W.K., and M.S.E. analyzed the data, discussed the results, and drafted and commented on the manuscript.
